Abstract: Changes in foot shape during long-distance running may lead to alteration in shoe fit. However, little information is available on changes in foot shape following long-distance running. The purpose of this study was to assess changes in foot shape in experienced runners after a single long-distance run. Data from the right feet of 21 subjects were obtained using a foot scanner before and after running 35 km on an asphalt road. After the run, the dorsal height, navicular height, and arch height ratio were significantly decreased. Midfoot cross-sectional shape after the run was deformed laterally compared to before running. Lateral deformity of the lateral dorsum was seen in 76.2% of the feet. For the medial side, 47.6% of feet deformed medially and 38.1% of feet did not change. The findings of the present study suggest that foot shape is altered during a single long-distance run. These results suggest that footwear fit and comfort could be affected during long distance running because athletes tie their shoelaces based on their pre-running foot shape.
Introduction
In humans, the foot acts as an interface between body and ground and plays an important role in shock attenuation and functional adaptation during weight bearing tasks because of its mechanically-favorable dome shape and complex structure.
OPEN ACCESS
The shape of the foot is of interest for developing and designing footwear. However, foot shape does not remain fixed. For example, postural changes occur in the feet of pregnant women [1] and after exercise; McWhorter found that the foot volume change differed depending on the type of exercise, including loaded or unloaded and dynamic or static activity [2] . In recent years, new methodologies for dynamic, three-dimensional (3D) foot shape analysis have been developed to understand foot dynamics [3, 4] , and a few researchers have analyzed changes in foot shape during walking using a dynamic cross-sectional measurement [5] and a laser-triangulation principle with a multiple-line illumination technique [6] . These studies have shown that mechanical load properties are some of the factors affecting foot shape, and exercise has the potential to change foot shape. Changes in foot shape during long distance running leading to alteration in shoe fit is possible because long-distance runners tie their shoelaces tightly before running and do not retighten them during long-distance running in most cases. However, little information is available on changes in foot shape following long-distance running.
Poorly-fitted footwear is particularly relevant for dermatologic problems such as blisters and subungual hematomas owing to foot movement within footwear resulting in increased friction during long-distance running. Previous research has shown 0.2%-39% of marathon runners report to a medical tent for running-related blisters, which are the most common problem for long-distance runners [7] . Van Tiggelen et al. reported that runners who develop foot blisters experience significantly more knee overuse injuries in their knee during basic military training [8] . Although skin problems are often considered less serious than musculoskeletal injuries, painful blisters can have a negative effect on performance and may cause secondary musculoskeletal problems due to compensatory movement to avoid pain.
In recent years, 3D surface scanning systems have been used to obtain 3D digital representations of parts of the human body, calculate volume and cross-sectional information, and provide a quantitative description of the body part. Acquiring quantitative 3D foot shape data will improve our understanding of the changes in the shape of the foot under different loading conditions, which could be relevant for the design of foot-wear and orthotic devices [9] .
Information on shape change occurring during long-distance running is of great importance for the development of running footwear, as proper fit is essential to achieve high-level performance and prevent injury. The purpose of this study was to measure changes in foot shape using a 3D foot scanner in experienced runners after a single long-distance run.
Materials and Methods

Subjects
A total of 22 male collegiate runners participated in this study (mean age, 20.2 ± 1.0 years; mean height, 170.9 ± 3.9 cm; mean weight, 54.3 ± 3.7 kg). At the time of the experiment, the study participants were on a university track and field team, and they participated in training sessions five or six days a week. The mean best performance on a 10,000 m run was 30 min 12 ± 52 s. All subjects were free from lower extremity and back pain, had no history of serious injuries or operative treatment, and had no subjective symptoms that would interfere with running. This study was approved by the institutional review board, and informed consent was obtained from all participants before the study.
Data Collection
A foot scanner (JMS-2100CU, Dream GP, Osaka, Japan) was used to obtain the 3D foot shape. Since this scanner is portable, we were able to obtain 3D foot shape data at sports fields. We confirmed the accuracy of the scanner used in this study beforehand. Using values obtained by scanning a cubic reference (10.0 cm × 10.0 cm × 10.0 cm) object, we compared the observed value with the true value, and the error was less than 0.2 mm each for longitudinal, transversal and vertical direction. Measurement repeatability was assessed by repeatedly analyzing three feet (three times each), with differences less than 0.2 mm for lengths and 0.2° for angles. Subjects were instructed to stand in a relaxed position with their bare feet approximately shoulder width apart and asked to align the longitudinal axis of their foot, which is the line connecting the most posterior point of the heel to the head of the second digit, parallel with the guidelines drawn on the foot bearing area of the foot scanner. Anatomical landmarks of the foot including the most medial point of the first metatarsophalangeal joint (1 MTJ), the most lateral point of the fifth metatarsophalangeal joint (5 MTJ), the center of the posterior calcaneus, the insertion of the Achilles tendon (superior edge of the posterior calcaneus), and the most medial point of the navicular were identified and marked using a permanent marker pen prior to pre-run scanning, and these marks were retained until the scanning session after running. The marks and their coordinates were automatically obtained and used to calculate parameters by the foot scanner.
Foot shape of the right and left foot was obtained before and after a 35 km road run with the subjects standing in an upright bipedal position. The average time to complete the 35 km run was 1 h 56 min 39 s. Total training session time, which included warm up and cool down, was approximately 3 h. This is the time between the two scans. The roadway surface was primarily asphalt, and the subjects wore their own footwear.
Data Processing
Data from the right feet of 21 subjects were analyzed for this study; one runner could not complete the 35 km road run. The data for foot shape were described using a foot coordinate system. The origin of the coordinate system was placed at the intersection point of the standing surface and a perpendicular line drawn from the most posterior point of the heel to the standing surface; the longitudinal axis (y-axis) was the line connecting the most posterior point of the heel and the head of the second digit, and the positive direction was the anterior; and the z-axis was vertical, and the positive direction was superior; the x-axis was perpendicular line to the y-z plane through the origin. Foot length, ball girth, ball width, navicular height, dorsal height, heel angle, great toe angle (Toe 1 angle), and little toe angle (Toe 5 angle) foot cross-sectional shapes were obtained from the scanning data ( Figure 1 ). The foot length was defined as the length projected on the longitudinal (y) axis between the most posterior point of the heel and the head of the first or second digit, whichever was longer. The ball width was defined as the distance between 1 MTJ and 5 MTJ projected on the x-y plane. The ball girth was defined as the circumference that is passing 1 MTJ and 5 MTJ points. The heel width was the width at 17% of the foot length from the most posterior point of the heel to 40 mm in height from the standing surface. The medial and lateral lengths were the length between 1 MTJ and the most posterior point of the heel and 5 MTJ and the most posterior point of the heel, respectively. The dorsal height was defined as the height of the highest point from the floor at 55% of length of the foot from the heel. The navicular height was defined as the height of the most medial point of the navicular bone from the floor. The heel angle was defined as the angle between vertical and the line connecting the center of the posterior calcaneus and the insertion of the Achilles tendon. The toe 1/5 angle was the angle formed by the line connecting 1 MTJ/5 MTJ and lateral aspect of 1/5 digit and the foot longitudinal axis (Figure 1) . Arch ratio was calculated as the navicular height divided by foot length times 100. Foot volumes and foot cross-sectional shape were obtained using 3D engineering software (Geomagic Studio 2014, 3DSystems, Rock Hill, SC, USA). Foot volume was defined as the volume from the standing surface to 10 cm proximal of the subject's foot. Foot cross-sectional shape and its 100 equally spaced coordinate point on foot cross-sectional contour was obtained at 50% of the foot length between the most posterior point of the heel and the head of the first or second digit, whichever was longer, in the perpendicular plane (Figure 2 ). . Cross-sectional shape and 100 equally-spaced coordinate points were extracted at 50% of the foot length. The cross-sectional plane was perpendicular to the foot's longitudinal (y) axis (left). Cross-sectional shape is shown at 50% of the foot length (right).
The cross-sectional shape was compared before and after the 35 km run processed by custom-written programs (MATLAB R2013a, MathWorks, Natick, MA, USA). The starting point of the 100 coordinate points was the most lateral point, i.e., the minimum x-coordinate, in each cross-section. Next, the program searched for a matched pair point with the shortest distance between the two points for every single point in a clockwise manner. The shape difference was specified as the shortest distance from the coordinate point before to the coordinate point after the 35 km run. A positive value for distance meant a post-run contour located lateral (laterally deformed) to the pre-run contour; conversely, a negative value for distance meant a post-run contour located medial (medially deformed) to the pre-run contour; we defined no deformation as occurring when the distance between pre-and post-run matched cross-sectional contour points was less than 0.2 mm.
Statistical Analysis
The normality of the distribution of each variable was confirmed using the Kolmogorv-Smirnov test. A paired t-test was performed to compare the values before and after the 35 km run (IBM SPSS Statistics 20, IBM, New York, NY, USA). A two-tailed test was used to test the null hypotheses. Significance was set at p < 0.05 and p < 0.01. The effect sizes (r) from Cohen's d were calculated from the t-value and degrees of freedom. Table 1 shows the comparison of foot parameters before and after a 35 km run. The foot length, ball girth, ball width, medial length, lateral length, heel angle, and Toe 5 angle were comparable before and after running. The dorsal height (before, 58.9 ± 4.0 mm; after, 57.6 ± 4.1 mm), navicular height (before, 38.6 ± 6.2 mm; after, 37.1 ± 5.6 mm), arch height ratio (before, 15.2% ± 2.4%; after, 14.6% ± 2.2%), and foot volume (before, 827,759.6 ± 72,068. were significantly lower after running compared to before running. Toe 1 angle (before, 7.5° ± 3.3°; after, 9.6° ± 2.8°) was significantly greater after running. The effect sizes were large for the statistically significant differences. Figure 3 shows the average distance between pre-and post-run matched cross-sectional points at 50% of foot length. The lateral dorsum of the foot (from approximately 25-45 cross-sectional contour points) tended to be more laterally deformed after the 35 km run compared to before the run.
Results
Conversely, the medial side (from approximately 10-25 cross-sectional contour points) tended to be slightly medially deformed. Superposing figures of pre-and post-run cross-sectional contours, lateral deformation was observed in 76.2% of feet, no deformation was observed in 4.8% of feet, and medial deformation was observed in 19.0% of feet at the lateral dorsum of the foot after running compared to pre-run cross-sectional contours. On the medial dorsum of the foot, medial deformation was observed in 47.6% of feet, no deformation was observed 38.1% of feet, and lateral deformation was observed in 14% of feet post-run compared to the pre-run cross-sectional contours (Table 2 ). The cross-sectional contour was specified by 100 equally spaced points. Italicized digits (0, 20, 40, 60, and 80) represent the number of foot cross-sectional contour points from the start point (0), set at the most lateral point; (b) Average distances between pre-and post-run matched cross-sectional contour points at 50% of foot length. A positive value indicates a post-run contour located lateral to the pre-run contour, and a negative value indicates a post-run contour located medial to the pre-run contour. Table 2 . Breakdown of the number of feet with cross-sectional shape deformation after running. 
Discussion
The main objective of this study was to compare foot morphology before and after running 35 km. The results show that foot shape is altered during a single long-distance run.
Significant decreases were seen in the dorsal height, navicular height, and arch height ratio, indicating arch alignment is altered by a prolonged run. Several studies have assessed the effect of long-distance running on foot structure. Boyer et al. found no significant difference in arch deformation and rigidity in healthy recreational runners before and after a 45-min run at a comfortable pace [10] . In contrast, foot posture change to a more pronated position was reported after a half marathon race by Cowley et al. [11] . Since the intensity, running time, and measurement methodology were different in these two previous studies, we cannot directly compare our result with their results.
The arch structure allows it to act as a shock attenuator by functional deformation during various weight bearing tasks. Not only instantaneously deformed at every stance phase, this study revealed the arch gradually deforms due to repetitive loading during a 35 km run. By lowering the arch structure, it is possible to decrease the shock attenuation capacity transiently. Moreover, the navicular and dorsal height lowered without any change to foot length. These results suggest that the arch structure should not be regarded as a triangle linkage, a structure commonly used to characterize the medial longitudinal arch. Possible causes of this deformation include neuromuscular fatigue of intrinsic [12, 13] and extrinsic [14, 15] foot muscles and altering of mechanical properties of the soft tissues in the foot [16] . Further understanding of the interaction between foot morphology and function requires additional studies.
Midfoot cross-sectional shape of the foot after running was wholly deformed laterally compared to before running; 76.1% of foot deformed laterally at the lateral dorsum part and 85.7% of the foot did not change or medially deformed at the medial side of foot. As mentioned above, this change could be caused by multiple factors and could result in an alignment change during prolonged running. However, we observed no significant difference in the heel angle and a significant decrease in the foot volume; hence, this shape change may not be attributed solely to a difference in pronation or supination. This shape deformation could be related to an alteration of the load position laterally within the foot. A lateral shift in the center of pressure (COP) during the stance phase during treadmill marching was reported by Gefen et al. [17] , and change to a more pronated position of the foot after a half marathon race was reported by Cowley et al. [11] . The present study, the deformation pattern was largely lateral, although some exceptions were observed. One possible factor contributing to the exceptions could be a morphologic attribute such as arch height and/or foot widths. In this study, we could not identify a relationship between deformation pattern and morphological attributes, so further study is needed.
The findings of this study indicate that footwear fit and/or comfort could be affected during longdistance running because athletes tie their shoelaces and adjust tightness based on foot shape before running. In fact, the present study demonstrated the foot volume of all subjects decreased following the 35 km run. The decline in foot volume may create a slight space between the foot and footwear, leading to foot slipping and/or skin friction. Therefore, the shape and function of footwear, especially footwear used for prolonged running, should be designed taking into account changes in foot shape that occur during prolonged running. This study has some limitations. First, we examined changes in foot shape immediately after running. Therefore, it is not clear if foot shape is restored after several hours of rest. Another limitation is that the subjects of this study were relatively high-level runners, so the results may not be representative of foot deformation in recreational runners.
Conclusions
The current study assessed changes in foot shape in collegiate runners after a 35 km run. The study revealed that the dorsal height, navicular height, arch height ratio, and foot volume decreased after running 35 km, compared to before the run. The results of the study suggest that changes in foot shape during running should be taken into account when designing running footwear, such as responding to the height decrease and cross-sectional shape change at midfoot to achieve a better fit in the future.
